mR-E8-2006 16:50 From:BFF LLP 



6503273231 



To:USPTO 



P. 10-^59 



iO/dih , ^Z-D 



i I Jul 2004 t-^^ AR Alt226-CB20-28.ii!ii Altn6'CB2D-2$.>jini LiiTeX2c<2003/OI/l8) PI:OCE 
I ML fteVIEWS IN ADVANCEID.1 146AiTiiiureV.ccnbio.20.0l0403.1 J3126 

(Some conecdofK may occvr htfor^ ftrut publicAtion ontiiK vnd tn print) 



Catriona Y, Logai) and Rod Nusse 

No^\>ani Hugflei Medica! l/rstUittc. Oepartmtn! (f Oevelapmctuai Biuto^x 
Bcckman Center, Stanfoiid tjniverfity, Stanford ^ CaUfprnia 94303; 
entail: cytosan@cmgaiJUanf0i}d,i!du, tmit^^m^mManfaird^du 

Key Words cmbiyogenBSii, c&ncer. Frizzled^ stem cells 

■ Abstract Tighi conirol of cell-oell communication is es&cmi»] fur ihe guftcration 
of a nonnaUy paucmcd embryu. A chlica] mediator of key cell-cell stgnaims cvcnis 
durmg embryogenesis Is ihc highly conserved Wm family of secreted proteins. Rcccm 
biochemical and gjcnctic analyses have greatly enriched our undcrjtiftrtd'mg of how 
Wnis signal, and che Hsl of canontoul Wnt signaling oomponencs has exploded. The 
data reveal ihut mulrlptc cxrr^coltular* cytoplasmic, and nuclear rc{;ulalai^ inlHcjitely 
modulate V/nl signaling levels. h\ addition, itceplor-ligand spoci^city aitd feedback 
loops help to determine Wm ^ignalinj; outputs- Wnls afe required for adult tissue 
ttuiiAtenxuice, and pcrturtTatinns in Wnt signaling promote both human degenerative 
diseases and cancer. 11>e next lew years are likely to sec novel therapeutic reagents 
mmcd al controlling Wnl sigiialiiiB in tmler to alleviate these conditions. 
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INTRODUCTION 

The field of dcvclopmcntzil biology is rich with a history of obscrvaUunt^ predict- 
ing i\w cxisicnce of signaling molecules that conrrol key cvcnot in embiyogcnosis 
(Gil ben 1991 ). Over the paa 20 to 30 yeors, several famUics of signaling molecule.s 
mch us ihc bone morphogcRctic proteins (BMFs)» the Hedgehogs, the fibroblast 
growth factors (FCiFs), and the Wots havG been idenlifled, and their signaling 
me^anisins have been elucidated. Usetie signaling pathways are also often in- 
volved in di$eiisu, in pmlcular cancer, Tcinforcin? the concept tliat cancer is a 
form of development gone awry. 

The Wm family of sifinftling proteins paTtiCipftie$ in multiple developmental 
events during cnibryogcncsis and has alxo been implicated in adult tissue home- 
ostasis. Wnt sigimlii aivplciotiopio, with effects that include mitogenicstiniulatjon» 
cell fate specification, and differentiation. This review summarizes our cunent un- 
derstanding of Wnt signaling In ihe conicMi of Ihe many developmental rolcj of 
this pathway. Ak \}k volume of Wnt J kcratii re is increasing rapidly, a few aspects of 
current interest have l»en selected hete« mainly focused on Wm signallng<through 
its receptors (Friizlcds) to /J-catcnin, which is often called the canonical path- 
way. Much work has been done recently on noncanonicol pathways, which do not 
involve P-catenin or Wnt ligands. That topic is not covered hcrc» but wc direct 
readers to some recent reviews (Smut 2003. Vceman ci a), 2003). A continuing 
update on Wnt sienating, including figures imd gene tables* can be found on the 
Wnt honKp&gc hlLp://www.stanford.eduA^nusse/wniwindow.blml 



WNT SIGNAUNC: AN OVERVIEW 

A simple outline of the current model of Wnt signal tmnsdoction is presented 
in ngvrc 1. Wnl proteins re]ea5;edfrom or presented on tlie surface of signaling 
cells aa on target cells by binding to the Frizzled (Fz>/low density lipoprotein 
(LDL) rcccptor-rclatcd protein (LRP) complex at the cell surface. These recep- 
tors trant^duoe a signal to several intracellular proteins that include Dishevelled 
(Dsh), glycogen synthase kinasc-3^ (GSK-3)» Axin, Adenomatous Polyposis Coli 
(APC)» and the transcriptional regulator, /J-carcnin {Figure I). Cytoplasmic ^- 
catenin levels arc normally kept low through continuous protcasomc-mediated 
degradation, wl\ich i$ controlled by a complex containing CSK-3/APC/Axiii. 
When cells receive Wm signals, the degradation pathway is inhibited, and conse- 
quently ^^atcnin acconiulaies in the cytoplasm and nucleus. Nuclear /7^atenin 
interact with iranscription factors such as lymphoid enhancer-binding factnr 
l/Tccll-spccific transcription factor (LEP/TCF) 10 al!«ct tran^cripUon. A large 
number of Wnt taiTgeU have been identified that include members Of the Wnl 
Signal transduction pathway itself, which provide fcedlxick control during Wnt 
signaling. 
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WNT SIGNALING IN DEVELOPMENT 783 




Figure 1 The cartofiicat Wnt signaling pathway. In cclb not cxpwcrl a Wnt dgnnl 
Oefl panel}, fi-'CAttnin degraded through interactions with Ajdn, APCX and tbc protein 
kinase GSK-3- Wnt pcXcins {right panel) bind to the Fi'izilcdAJ^.F rcccpww complex 
at the cell suifoce. These receptors ttimsducc a si^Ql to Dishevelled (Dsh) and to 
Axin, which ntay diiicctly inlcract (/dashed Imcs). Afi a consequence, the dc^adalion 
of /f-calcnin is inhibited* and this pruiein accumuUtfis in iht cytoplasm and nucleus^ 
/?-oaicnin then intcjwis with TCF to control transcription. Negsth^ reguUton ore 
outlined in black. Po&kively uciing components are outlinod in eotoi'. 

WNT PROTEINS ARE LIPID MODIFIED 

Wnt proteins are def)ned by sequence rather than by fvnctional properties. They 
contnin a signal sequence ToUowed by e highly conserved disuibuiion of t^stcincs. 
AHliCugh Wnt proteins ere secretedt difficuttjei! in sotubilizing active Wnt mole- 
cules had hindered attempts to punfy the Wnts tuid prsduUed n Lhurough biochem- 
ical characcetiriition of this giowtb factor family. The insoluble naiuie of Wntji hci$ 
now been explained by the discovery that ihe$e ptoteins are palmltoyfatcd and arc 
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more hydrophobic than initially predicted from the primary airrino acid sequence 
(Willcn ct aJ- 2003). Tlie palmitoykiion is found on a conserved cysteine, sug- 
gesting that ail Wms cairy this modificaiion. Muiant w^ftlysis has dcmoMirfited 
that this cysteine is essential for function^ and treating Wnt with the enzyme acyl 
protein thiocslcrasc results in a fonn that is no lon^ei hydrophobic or active, pro- 
viding further evidence that the paUnitaie is critical for signaling (^^llert ct b1. 

The enzymes that add the pa]mttntc to Wnts are likely to be encoded by 
the parcuphxt ipor) gene in DrosophUa (Kadowaici ct al. 199<3)» called mom-I 
in Ccenorfiahditis eltgans (Rochcleau et a]. 1997). ]%enotypic similarities be- 
tween wni and por/mom-i suggest that Porcupine and MOM- 1 are enzymes ded- 
icated to Wnt signaling (Kadowalei ei al. 1996). These genes arc required in Wnt- 
proUucing cells rathcniuui In cells receiving the Wnc signal (Figured). Hoftnann 
(2000) noticed sequence similarity beiween Porcupine and membrane-bound ucyl- 
(ran$fer«8e8» en^ymcB that arc present in tbc endqilasmic reticulum (ER) mem- 
brane and acylate a variety of substrates, "niertfore, it is possible that por en- 
codes an enzyme that catalyzes the transfer of palmitate onto Wnt Consistent 
with this idea. Wingless, like Wnt3ft, h also hydrophobic (Zhaf ct aL 2004). Wing- 
IcMJB can associate with membranes, but both its hydrOphobicity and membrane 
localization are lost w}ien O-acylrrsnsf erase aelivity is Inhibited biochemically 
Or when Porcupine \9 eliminated genetically. These data support the hypothesis 
dial Porcupine is a key regulator of both Wnt lipidation and membrane rargel- 
Ing. Interestingly, Hedgehog proteins also carry an N-tcrmioal paLmitate thai i$ 
esiiential for signaling. The addition of this palmiutte ia thought to be catalyzed 
by Skinny-hedgehog which» like Porcupine, resembles acyl-tnmfenises (Chamoun 
etal. 2001). 



Figure 2 Wni pathway molecules that facilitate secretion or prcscmaiion of Wm pro- 
teins or that modulate Wnt &ij;iiQUng IcvcU. Porcupine (Por) is An £R protein required 
in Wni-producing ccii5» and it mvf attach a patniilate to Wnr. In C- ^e^wis^ the {vlOM-3 
gene product (not yet identified molceoUrly) may assist in the production or release 
of active Wnt. In vertebrates. Wnt pruteinii ^ inhibited by direct lunding to eiiher sc- 
creusd fTi^zlcd-relaied protein (SPKP) or Wm inhibitory factor (WlF). SFRP i& slmilur 
in sequence to (he cystchic-rich domain (CRD) of FrizTJed, one of the Wnt receptors. 
The Wm tnhit>itofs Dickkopf (Dkk) and Wisc bind to the Wnt corcccpiors Arrow and 
LRP. Dkk also Interacts wfih Kreraen to down-rogulaic LRP/Anow from the cell sur- 
face. In r>iif?jophitci, Wnt can bind to the tymsine kinase receptor Derailed [related 
to tyrosine kinases (RYK) in rnanunalsl. This receptor has a domain iumllar to WiP. 
H^^paiin-sulfatcd t'ormi of proteoglycans (HSPG) are also Involved in Wnt reception 
or transport. Boca/Mesd in spccifieally required for the transport of Arrow/LRP in the 
ER. A novel Frilled ligand, Norrin, has also been Identified, Similar to Wnt, Kuitin 
bound to UUP and Friuled can scimul&te the canonical signaling pathway. Negative 
regulaiuis are outlined in black. Positively acting components are outlined in color. 
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Although palmitoyJation is integral to Wnt dgnaling, ite precise function Is not 
known. Overexpression of Wingless U) Drpsofihiki can partially CKreumvent the 
nocd for par function (Noordcnncor ct aJ. 1995) and. Kimilarly, Wnt mutant gene 
constructs lacking the palmitoylacion site can produce an BtLcnuated signal when 
ovcTCxpressicd lii cells (Willert ci al. 2093). Out explanation for these observations 
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is thttt ihc lipid moiciy targets Wncs to tncmbiwuw but its absence can be ovenconuB 
by high protein conc^iraUons. 



TRANSPORT OF WNT PROTEINS BETWEEN CELLS 

The ileiectioii af Wot pivlcins in many tissues ho$ l^een probJcntatic (ywing to lack 
of suitable antibody reagents* but antibody staining of Wingless has dciDonstialed 
signiticant spread of the protein in Drasophila imaginal disvB (Cttdigan et a]. I99ft, 
Scrigini Sl Cohen 2000). These data have indicated (hat the Wnts. such w Wingless 
in Orosophiia^ Ainction as concencration-dcpcndcnt long-rong^ morpbogcnctLc 
signals that can act on distant neighbors (C&digan ct al. 1998, Suigini &. Cohen 
2000, Zecca cl a). 1996). This raises the questions of whether palmitoylated Wnc 
molecules ore actively transported, how Wats are released lioin ccllv* and how 
Wnis move over long distances. Arc Wnts always tethered to membranes, even 
when shuUled between cells? Alternatively, m Iherc earner molecules that bind 
to the palmitate? Vesicle^based tmnspon outj^ide of cells has been proposed to 
exist in DwsophUa wing imaginal discs. The vesicles, termed arigosomcs, might 
cany Wg protein as cargo (Creco et aJ. 2001). Wnts may also be transported by 
cytoncmcs, long thin iilapodial processes thai might carry Wnts and other growth 
factors away from signaling cells (Ramirez- Wsber 8l Kombcrg 19?9), There is no 
evidence Tor specific exporters of Wnt molecules, althoofjh identified in 

C. eUgans, is required in Wnt-producing cells (figure 2) CRycheleau ct al. 1997), 
This gene (also called mig-I4) remains to be dianicteriased moieculariy. 

Once Wnt proteins are seereted, a number of Unding partners can moduUitc 
their activity. Emerging evidence suggests a rale For HSFGs in the transporT or 
stabilization of Wnt (Figure 2). In Dwaphita^ absence of Dally, an HSPQ (Lin 
& Pcrrimon 1999, Tsiida ct al. 1999), and mutations in genes encoding cni&ymcs 
that modify HSPC (Baeg ct al. 2001, Lm & Perrimon 2000) gencmte {Genotypes 
similaTtom'n^/ejJ mutants. HSPGs have been postulated to hinetion as corcccptors 
on target cells (Lin & Perrimon 1 999X but cultured cells lacking Dally can rciipond 
to Wg (Lum ct al. 2003). HSPGs may therefore stabilize Wnt ptoCeins or aid in its 
presentation or rnovement between cells. 

Secreted Wnts may also bind members of the SFRP fiwnily. These are secreted 
proteini; that resemble the ligond-binding domain of the Frizzled family of Wnt 
roccptore (Hoang et al. 1996, Ratmer et aJ. 19973. Alternatively, Wnts may bind 
WIF pitttnin», which ore secreted molecules rpscmblhig the extracellular portion 
of the Dcrailcd/RYK class ofiransmcmbranc Wnt receptors (Hiiieli et al. 1999a) 
(Figure 2).Tn general bothSFRPsard WIFs arc thought to funaion as extracellular 
Wnt inhibitors (Bafico et al. 1999, I^ennis et al 1999. Hsich ct aL 1999a, Leyns 
ct al. 1997» Salic et al- 1997, Urcn ct al. 2000. Wang ct al. 1997). However, 
it has not been ruled out that these proteins, depending on etfpreii.qion levels or 
cellular context, promote Wnt signaling by protccUng Wnts from degradation or 
by facilitating Wni secretion or transport (Uren ct aL 2000)* 
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WNT RECEPTORS AND THEIR INTERACTIONS WITH 
EXTRACEIXUT-AR INHIBITORS 

OctcUc mid biochemical have dcnjon&traied that the Fi proteins arc the 
primary receptors for the Wnts (Bhanot et al. 1996) (Figure 2>. Fzs arc scvcn- 
tnmsmcmbmne rcccptoi^ with a long N^tenniriQ) extension called & cysteine-rich 
domain (CRD). Wnt proteins bmd directly to the Vr. CRD (Bhanot ct hI. 1996, 
Dann cl al. 200t, Hiieh cl al. 1999b). Tn DwsopMla and in cell culiun). ovcrcx- 
presslon of the DFz2 receptor ^Is to activate Wnt signaling unless its cognate 
ligond, Wingless, is present (Bhonncei al. 1996, Rulifson ct al. 2D0O). suggesting 
that Fz activation during canonical signaling is ligand dependent. 

Tn a<ldiiion lo Wnt/Fi internctions, Wnl Nignahng also rcquirc&a the presence 
of a smgle-pass u^mcmbrane molecule of rite LRP family {Figure 2), identi- 
fied iw the fiCTC am?w in Drosoplxila (Wchrii et al, 2000) and a» IRP5 or 6 in 
vertebrate (Pinson et al. 2000, T^mai et ol. 2000). The Transport of LRP from 
the ER to the cell Surface requires a specific accessory molecule calJeU Boca in 
DroaophilQ ajid Mesd In mice (Culi & Mann 2003. Hsich et al, 2O03)i mutations 
in these £cncs produce phenotypcs similar lo low of AtTrow/U<P itself. Tl has 
been proposed (Tamai et al. 2000) that Wnt molecules bind to LRP and Frix- 
xled 10 form a receptor trimcric complex, although this has tioi been observed 
for Wingless and Arrow in Drosophila (V/u & Nu«iie 2002). Ncvcnhclcs?, the 
importance of LRP i& underbred by the finding thai potent, «(tracellular in* 
hibitors of Wnt signaling such as Wise (Itasaki ci al. 2003) aiwl Dickkopf (Glinka 
et al. 1998) bind to LRP. The best ehar^ieri^ed of the secreted Wnl-sisnaling in- 
hibitors are tite Dlcklsopf (Dkk) proteins, Dkkshavc no(been found in invertebrates, 
but mice and humans have Tnultiple Dkk genes (Knipntk ct al. 1999, Monaghan 
el ill 1999). DkJcl , in pailicular, is a pmisnt Wnt-signaling inhibitor (Glinka ct al. 
1998). It binds to LRP with high afYinlty (Bafico et al. 2001, Mao ct at. 2001a, 
Semeoov et aL 2001) and to (mother class of transmembrane molecules, the Kre- 
niens (Mao & N ichrs 2U03« Mao ct al. 2002). By forming a complex whh LKP and 
Krcmcn, Dkks promote the inlcmalizntion of LRP» making it unavailable for Wnt 
reception. The inhibitory function of Dkks depends on the presence of appropTiato 
Kremen proteins. Dkk2rc<}uiTCsKrciiicn2iT) ofderlo inhibit Wnt signal Ingand can- 
not function with Krcmcn 1 to down-regulate die Wnt $5 gnal (Mao & Niehrs 2003). 
Likewise, Krentena promotes the inhibilory activ ity of Dkk4 (Mao & Niehrs 2003). 

In addition to binding the Wnts, h^nzzied can also interact with another ligand. 
Nonin, a protein with no disccmablc sequence similarity to the Wnts, binds with 
hlsh affimty to the Frazzled-4 CRD (Xu et al. 2004). Tbgeiher with LRP, Frizzled- 
4 and Noirin can activate the canonical signaling pathway. I'hc ability of Wnt 
receptors to interact wpih multiple Uganda underscores tiic pleiotropy of Frizzled 
activity, and ii is possible that there arc yet additional ligands for this receptor 
family. 

Recent data show that Derailed, another Wnl receptor, is entirely distinct 
from the Frizzleds (Figure 2). The Derailed receptor is a iraiismembranc t)(ro^ne 
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kinase belonging to the RYK subfamily. DwnN5 is a regulator of axon guidajice 
in the DrosophUQ central nervous system (CNS), and embryos mutBUt for Dwnl-5 
resemble those lacking Derailed, i.e., they display mi srooting of neuronal projec- 
tions across thcmldlin^; (Yoshikawa ct al. 2003). The Decailcd cxrraceMulaf region 
oontAiRS a Wnt- interacting WIP domain (Hsieh et al. 1999a) ihal can bind to the 
DWnt6 protein (Yoshikawa ct ah 2)003), indicating chat Derailed ia a DWnt-5 
receptor in %ht CNS. Tiow Derailed signals ane troDsduccd is not clear; the De- 
railed kinase domain appears dispensable for futtction (Yoshikawa ct ai. 200 l)t 
and the possibility that slgnaJirtg involves a coreceptor has not been excluded. In 
vertebrates, both Wni4and Wnt5 have been implicated In axon guidance (Hall et al, 
2fl00, Lyuksyutova ct al. 2003). Wnt4 appears to signal in ihia context through n 
Pri^ded. Whe^ier ft RYK binds to WntS U not known bccauM ihc WntSa recep- 
tor has not been identified. It vrill be interesting to determine whether Fz/LRP 
arid RYK iie^ceptor^ Tunction In the some tissues and cellular processes and, if so. 
whether Wnts simuhaneously contact FzA-RP and RYK-Uke kinases or stimulEUc 
RYK and Fz/LRP reccpidr» in pamllc) pathways. 



HOW DO THE WNT RECEPTORS SIGNAL? 

The ob$eirvotu>n Ihai; Fzs contain seven tTansmembranc Tcglons has led to die 
suggestion that Wnt binding might n»;onfigutc the Vz transinembranc domains. 
m occurs in other hepiahclieal receptOi'S. How a xeoon figured Vi. receptor cou- 
ples to downstream effectors is not understood. Dsh, a ubiquitously cxpnutsed 
cytoplasmic protein (Lee et al. 1999, Yonagawa ct al 1993), functions cell au- 
tonomously and genetically upstream of proteins such as ^-catcnin and G5K-3 
CK[>OTdcmieer et al. 1994). It has been postulaced that Dsh transduces the Wnt 
signal into the cell through a dbtjct binding between Dsh and Fz (Figuits 2 and 
3). Consistent with this idea. Dsh can mieraci with directly (Chen et al. 2003, 
Wong et al. 2003} through a C-ternunal cyti^lasralc Lys-Tlir-X-X-X-IVp motif 
in Fz that is required for Fz signaling (Umbhauer et al. 2000). Wnt sie^^ing 
oUo leads to differential phosphorylation of Dsh (YanagHWn ci al. 1995)» and 
this process is mediated by several protein klnascji, of which Pari 15 ihi: ttwwt 
likely Wnt-reguJated candidate (Sun ei al. 2001). Some questions that remain arc 
whether Wnt bitxilng to Fz regulates a direct Fjc-Osh Interaction, how Dsh phos- 
phorylaiion is conlnalled, and how phosphor^ated Dsh functions in Wnt signal 
transduction. 

Similar to Pz» LRP may also Interact with a cyloplAsmio component of the 
Wnr<4ignaling pathway. The cytoplasmic tall of \XP contains several Pro-Pro- 
Ptt)-(ScrTrp)Pro D»PP(S/r)PJ tnoiifs that can become phosT^OfyiatBd following 
Wnt stimulation (Thmai et al. 2004). because LRP can intJiract with the cytosolic 
protein Axin CMfto et al 2001 b, Tolwinski ci al. 2003) (Figures 2 and 3), Wnts are 
thought to induce the phosphorylation of LRP on a PPP($/T)P motif, thus allowing 
the docking of Axin Co the LRP cytoplasmic tail. 
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Both Dsh and Axin contain a stretch of amino lipids called the DIX domain. 
DIX domains of Axin can hornodimeilzA (Hedgepcth zX ai. 1999, lisu ct ah 1999, 
Sakflnaka & Williams 1999), and Dsh, and a Xenopus Axin. XARP, can het- 
efodimerize through their DIX domains (Itoh ci al. 2000). It possible, therefore, 
that Wnt binding of Fz and LRP promotes dirccl litteroction between Axtn and 
Dsh ihrougii tiieir DIX domains, reconfiguring the protein complete that rcgulatcf 
^-catcnin levels in the ccU (Figure 3). 

Because mo^i !;even-inu\&membran& receptors signul through hctcrotrimcnc 
G proEcfnii, it is reosonable ro aftk whether interact with G proieiiis as well. 




Figure 3 Cytoplasmic components of the Wnt wgnaling pathwiy. In naJvc cells (left 
panel), fl-cAituln fcimfi a complex wiih Axin and APC. Axin acts as a scaOTold for the 
protein kinases CK I a and Cj.SK-3, and the PP2A proaHn phosphatase. PP2A may act on 
AHtn OS well a$ other on subttraies in the Anin/APC complex. Aikr phosphorylation 
by G51C-3 and CKIa, /?-catenin is degraded by ubiqnitinatiun involving Interactions 
with SUmb//»-TVCP. Alter binding of the Wnt ligand {Hght pan^l)^ the Fz and LRP 
receptors recruit Dsh and Axin to the membrane where they may interact with eadt 
other {dashed Httes), Wni signaling le^ds to inhibition of /i-catenin degrsdatinn and 
its accumulation. As a re&oln /f-catenin is stabilized in the cytoplasm and is no longer 
degraded. Negative regniatora are outlined in blaek. Positively acting components aje 
Oiulincd in color. 
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The most diiccl test of this hypothesis would be to <kdd a known Wnt lifiand 
to Cells cxpiT^ti^ing the cognate teoepior and to examine the unmcdiatc 

consequences. Because Wnt protcinii have been difficult to isolate, cxpcTuncnlti 
aJong thc3fc line^ have utilized chiTneric Fz receptors that can he activated by a non- 
Wnrligflrtd. Chimeric receptors COrtSistmg of the intracellular loops AffftiFzl or rat 
Ttl and the transmembrane and cxofiacial regions of /9 -adrenergic receptor could 
be activated by a ^-aitrencrgtc agonist and appear to signal through O proleiiK: of 
die Go, Gq, and Gt classea (X. Liu et qL 1999. Liu ct a). 2001)* Whether natural 
Fz molecules can couple dirfictly u> heien>irimeric U proteins, however, mmains 
XD be tested. 



WNT SIGNAUNG WITHIN THE CYTOPLASM 

A hallniaik of Wnt pathway activation is the eJevation of cytoplasmic /3-catenin 
protein leveb. In ^he absence of Wnt signaling, fi-omnm is pbosphorylatcd by 
the serinerthreonioe kinases, oweirt kinase Iof(CKra) (Amit ct al. 2002, Liu et al. 

2002, Yanagawa ct al . 2002) and CSlC-3 ( Yost et al. 199<6). The Interaction between 
these kinases and /9-eatcnin Is i^liif ated by the ^jcaffoldms proteins, Axin and APC 
(Hart ct aL 1998, Kishida et al. 1998). Ibgclhcr, these proteinn form a ^-catcnin 
degiiidalion complex that alluws phobphoryiated ^-calenin to be recognized by 
/l«l>CP, targeted for ubiquitlnation, and degreed by the proteosoina (Abcrlc ct al. 
1997. Latres el aL 1999, C. Liu etal. 1999) (Figure 3). 

Activation of Wnt signaling inhibits ^-cfltcnin phosphorylation and hcnco iw 
degradation. The clcvati(M) of /3-caictiin levels leads to its nuclear accumulation 
(Tolwmski & Wiejichaus 2004. MiUer & Moon 1 997. Cox et al. 1999) and com- 
plex formation with LISF/TCF iranscripi^on foctors <van de Weicring et aL 1997, 
Bchrcns ct aL 1996, Molcnaar ct al. 1996). ^-catcnin mutant forms that lack the 
pbosphoiylation sites required for its dcgradatiort arc Wat unresponsive and can 
acdvate Wnt targci gene.^ consiltuiively (Munemitsu et al 1996, Yost el al. 1990). 
/^-catenin. APC. and Axin mutations tto promote /S-ciuenin (itahilizBtion are found 
in many different cancen}, indieaiing that constitutive Wnt signaling is a common 
feature in many neoplasms (reviewed in Giles et al. 2003). 

WiU signals might influence the cytoplasmic pinteins thai i^gulate ^-cutcnin 
stability through several mechanisms. Reception of a Wnt signal could trigger 
the reerojtmeni of Axln either to LRP or to Frizzled-bound Dsh^ removing Axin 
firom the destruction complex to promote ^catenin stabilimion (Ciiffe et al. 

2003, l^mai et al. 2004). Protein phosphatase) also negulate ^-catenin stability. 
PP2 A. for exan^)Ie, is required for the Wm-dependent elevation of ^-catenin (evels 
(J. Yang el al. 2003) and can bind Axin (Hsu ct al. 1 999). suggesting that it might 
function to dcjrfiosphorylatc OSK-3 substrates. How FP2A activity 'ib regulated 
by Wni signals 5a not known, finally, Dsh can interact with ihe destruction com- 
plex through the GSK-3 bindmg protem, OBP/f^t (Jonker^ ei al. 1997, Salic 
ct al. 2000, Yost et al. 1998). Frai may promote the dissociation of GSK-3 from 
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the dagradation complex and prevent ihc phosphcrylarion of ^-catcnin (Li ct a). 
1999), bul how Writ signals regulate this event is not clear. Current approaches to 
elucidate the mcchjinifjiDS of /?-calcnin regulation include atcempts to dctcrmlnft 
the stnictufe of the degradation cojnptex. There are now crystaliographic struc- 
tures of Axin contacting ^-catcnin (Xing »1. 2003) and AxLn bound to APC 
(Spiftk et al, 2000). However, the cdmposition of the destruction complex and 
the stoichiomctry of the various u^iiiponents have not been fully tesolvod. Recent 
dain suggest that the number of AxUi molecules in ctlls is much lower (2000- 
fold) than other prou^in^ in the complex (Le« et al. 2003). Axln, thereforc, intiy 
be a limiting component of the Wnt slgnaJing cascade that, as a key $oaffoldtQg 
molecule, may promote the rapid assembly anJ disassembly Of Wnt pathw;^ com- 
ponents to regulate ^-cotenin stability in the cell. Given that Dsh» APC» C5K-3» 
and ^-catcnin participate in other signaling cvcniSi low Axin levels may also help 
to insulate the Wnt pathway from changes in the abundance of the other Wnl 
signaling components when they paitictpate in diffWrti signaling processes. Fur- 
ihcr deuiled stoichiomcLric analyde^ will provide deeper insights into the exact 
nature, of tiie i9-catcnin destnrctlon complex and the mechanisms durt regulate Its 
function. 



SIGNALING IN THE NUCLEUS 

The Increased stability of /5-catcnin following Wnl signaling leada to tlK: tran- 
scriptional activation of target genes mediated by /J-catcnin interactions with the 
TCF/I-,BF DNA-binding proteins (Figure 4) (van dc Wctcring et al. 1 997, Bchrens 
ctal. 1996, MolenaarctQi. 1996}. In the absence oflhe Wm signal^ TCiF acts as a 
repressor of WniAVgt^irgcr genes (Brwinon elal, 1997) by forming a compicK with 
Ctoucho (Cavallo et al. 1998). The repressing effect of Croucho is mediated by 
imemctions with histonc dcacetylatts (HDAC), which are thought to make ON A 
refractive to transcriptional activation (Chen ct al. \999h 

Once in the nudevs, ^-eatenin is ihougju to conven the TCP repressor complex 
iato a transcriptional activator complex. This may occur through disploceinent of 
Croucho frwn TCF/LEF and recrwitmenr of the histone acety lase CBP/p300 (eyclie 
AMP response element-binding protein). CBP may bind to the /?<atentn/TCF 
complex as a concrlvntor (Hechi ccal. 2000, l^kemani & Moon 20CK»> a hypothesis 
that remains to be tested directly. Another activator. Bfg-l , is a component of Che 
SWT/SNF (switching-defective and sucrose nonfermentmg) chromatin remodeling 
complex wiiich, with CBP, may induce chromatin remodeling that favors target 
gene transcription (Barker et al. 2001). 

Further interactions between thcTCP-^-catcnin complex and chromatin could 
be mediflied by Legless (Dcl9) and Py gopoa (Kramps ct al . 2002. Parker ct al. 2002. 
Thompson ct al. 2002). Mutations in cither of the^c genes result in winsl^ssAikc 
phenotypes in Drosophita^ and both genes promote Wnt signalijig in mammalian 
cell cultunfi experimenia (Tlmmp^oti et al. 2002). 
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figure 4 Nuclear factors in Wnt signaling. The interaciion between Groucho and TCF ia 
thought CO down-ibguli&ie iranscriptiotial activation (tefi panel). /9-catcnin b also nc^wdy 
ccgwlaic4 by binding lo CWbby nnd Inhibiior of /S-calenin nnd TCF (ICAT). TCK activity 
in the nuclcUii can be modulated by phosphorylalion by Nemo-like kinase (NLK), nnd in 
C. elej;ans, a l4-3-3-like protein tits been shown to faeilit&te nuclear cxpom of TCP {thin 
arrow), /sr-carenin interferes with ibe faiteraction between TCF and OtoucIio., and together 
with TCF. DcrivQies gene expression, /t-caienin abo binds to othcrcomponenta such as Legless 
(Lgs), Pygopus (Pygo), CREB-binding protein (CftP), and Brgl. Ncgwlivc regulators are 
shown m blHclc Poititively acting componentti are outlined in color. 



Wnt signaling events in the nucleus vtc uontroUcd by a number of protein 
pailner$. Fo>r example, tlie protein Chibby is a nuclt^r antagonist that binds to 
the C tcnninus of ^<atcnin (l^kcmaru ct al. 2003). Another fl-caicnin-binding 
pruteiD, ICAT (Tago et a3. 20Q0)» not only blocks the binding of ^^aienln to TCF 
(Ibgo ct al. 2000) but also leads to dissuclaliun of complexes between ^-catcnin. 
LEP,flndCBH/t>300 (Daniels & Wbis 2002. Graham et a). 2002). TCF is aUo subject 
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10 TcgvlaiJOii, H« il can be phosphoiylai^d by the mitogcn^tivatcd proicin (MAP) 
kinasc-rclatcd protcm kinase NLK/Ncmo(IfihiiaiiLctal. i999), NLK/Neroo itself 
IS nciivated l>y the miiogen-Eiciivatcd protein (MAP) kinase icinasc. TAKl (Isliitani 
et aL The phosphorylation of TCF/LEF by activated Nemo is thought to 

diminish the DNA-biTiding affinity of the 0-catcnin/TCFA-EF complex, \hereby 
afPccting trati$criptional regulaiion of Wnt target gcnci (lahitani et al. 1999, 2003). 
AnothcrcorscqucTicc of TCF phosphorylation, m least in C, ^Ugans, is export of 
TCF from the nucleus (Meneghini et al. 1999), whicli is earned out by a 14-3-3 
protein, Por5 (Lo et al. 2004). The ablljty of LEF/TCF to inieracl with DNA and 
its other partners is fhcrcforo lii^y regulated and likely plays criCiC4U ntlaft in the 
modulation of Wnt target gene cxprmion. Recently, it was shown (hat p-catonin 
can interact with other binding partners in ibe nucleus, such as Pitx2. ^-catenin 
can convert Pitx2 from a transcriptional repressor into an activator (Kiuut«i et al. 
2002), similar 10 its interaction with 1 J%FI/TCP. The presence of additioaaJ fi- 
cafenin-blnding partners adds another Jaycr of Gomplexity to the regulation of 
gene expression by nuclear ^-catenin. 



WNT TARGET G£N£S AND FEED BACK LOOPS 

Mutant analysis of Wnt gcnca has shed light on the range of biological processes 
that Wnts control. In particutar, wingless in Drosophila is invoJvod in numer^ 
oua developmental events that include embryonic and larval patterning (Cadigan 
& Nussc 1997) ftnd synftplic difTcrentiation (Packard « al. 2002). In vertebrate 
development, loss of a single Wnt gene can produce dramatic phcnotypcs thai 
range from embryonic lethality and CNS abnormalities to kidney and limb defects 
nVblc 1). These diverge phenoiypes Indicate that the Wnt pathway haa distinct 
transcriptional outi>uis. In many cases, »hc cell, rather than the signoi, deienuines 
the nature of ll>e re^pon&e, and up- or down-regulation of Wnt target gcncS is 
ccll-lypc specific. In other cases, however, ihc aamc target genes can be induced in 
multiple cell and tissue types. Whether dicsc are universal targets of Wnt signaling 
rcmDins co be shown. 

Intcrcstingjy, there may be some themes in the types of target genes that arc 
induced by Wats, Wnt signaling can promote the compression of Wnt pathway 
components (Thblc 2). Whether these genes arc direct Wiit taiigcts is nol known 
in ftU cases, but this finding indicates that feedback control is a key feature of 
Wnt signaling regulaiion. One class of targets thai respond to Wnt signaling Is 
the Frizzlcds (Cadigan ct al. 1998, Mullcr et al. 1999. 5ato ct al. 1999, Willert 
ot al. 2002). Dfz2 in Drosophila is down-regulaied by wherever Wg is active^ 
a process that may function to limit the levels of Wnt signaling within the Dfz2- 
expressing cells. In addition, by reduemg the levels of ahigh-afRnily receptor that 
might otherwise limit Wg distribution^ Wg may be allnwed to diffuse over longer 
diHt&nces (Cadigan ei a]. 1998). The levels of LRP and HSPG an: also controlled 
by Wg signaling, providing further floe-tuning of Wg activity at the cell surface 
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TAH iJP. I Wnt miiifmc phenulypes in (he mouse 



iCnockoul <KD) phvnvlypcA 
Gciic or ollt«r nilictlons 



RcdundaiiciE^ 

siittllfirltles 

wilhotlwrKO 



Wjiti 



WnlS 



DefleicDcy in neural cmt derivarives. 
loducdon in dottolcacrttl iV»iftl 
pR*cui90i^ In the ncuni) tufao (with 
Wnt3A KO> 
DecreaM in fhymocytc 
HDRiber (wiAi Wnc-4 KO) 

Early gavrularion dehct 
Puturbations in eitoiiluifainent and 
muiniHiiince Of fh« aplcnl eciottemud 
f)4gQ (AER>LnilM|imb 

Wai3a Paraxial Tnesoderni defects, lAilbUd 
defecb, deridcMy In n&uml crasi 
^r{v}ixlvcs. reduction in doffiotatcnl 
neural procunors in the neural lube 
(wiihWntl KO) 
LOit of hippoqumpga 
SomiiogcncBis defects 
Wm^ Ddf«»ci8 in femolc dcvclopmoni; absence 
MuUcrion duCt^ defects in adicns) gldhd 
dcvclupmeni 
DechrbsK 'lit tliymocytc 
number (witfa Wnll fCO) 

Wnf5u lYvncaicd limbs und AP axis 

Defects in distal lung morphogciKSiK 
Chondrocyte difTercniiiuIon defects, 

perturbed longitudind skeletal outgrowth 
iRhibita B cell pxoliferation, pruduccs 
myeloid leukemiw tuid D^U 
lymphcunv in lietenoscygores 

Wn/Tcr Ixmaic infeitiljty; in malcB* 

Malicriud dtid resrcitsiDn fidU 
tieiayvd ni^iWracionofftynapjiM h) 
cerebellum 

Wm?^ Ptueentul dcvdopmeni &dSiM9 

lUspiratory failufc: defects in early 
mesenchymal pniifention leading 
to lanji hypopUyifi 

Wnfl f Ureteric branching defectfl pnd 
kidney hypoptAsia 



fteduodam with 
WAi3aftndWn)4; 
Simnurio'rcFI 



(llceyact hJ. 1997, 
MulfDyet!il2002) 



In limbs, sinubir 

bo loss of 
il-caianln 

1l«4limd»ntw1thWml, 
Similar to LEi-l/rCFl 



CDaironPetal.^OO^, 
P.UuctBl. 1999} 



WdsI 



CAvlahlaetal. 2003; 
Galcereoet ai. 1999, 
2«M);Tkcyi«al. 
L««e(ai.2j000: 
YmhilcuwaetDL 1997) 



<HciVkitaeliil.20O2. 
Mitlroy m ftl. 2D02« 
Vniidoctal. 1999) 



(Uetal. 2002. 
Liang etol. 2QQ3, 
Yamagochi Gt al. 1999, 
Y. Yang CI al. 3003) 



(HdletAt^OOO; 
Parr&McMBbon 
1995) 

(Parr et«l. 7001. 
Shu et aL 2002) 



(Mojumdar et bL 2U03> 



PAGE 23e9'R(^AT»28l2(ll)6 7:48:40 PM (Eastern Standard rnnej'SV^^ 



mR-28-2006 16:54 From:BFF LLP 



6503273231 



To:USPTO 



P. 24^59 



! I Jul 2004 fi:05 Ak AR226-CB20-284CX ARZ2fvCft^2R.<8m UltXM^QO I/) W '^'"^ , I 
I AR RtVlTjWS IN ADVANCEIOJ j46/annurev.tclllvio.M.OI0403.1 13126 « 



WNT SIGNALINO IN DEVELOPMENT 79S 



TABLE 2 Wnl tiigrtoling ooinpon&jftls as Wnt pathway tm!^ 



Effect of y^nt Effect of changes In 





signal on target target gtAe ex^rtttloti 
gciM! cAjirts&ion on Wnl p^tltiway 


interftCti with 


Reference 


Fs 


Down 




Wnt 


(Mullwctal JW9) 


DJz2 


Down 


inuciivAie 


Wnt 


(Cfldiganctol. I'^B) 


Dft3 


Up 


AciivAto 


Wni 


(S«o«Jil. 1999) 


F/7 


Up 




Wnl 






Down 


Tnacdvaio 


Wnl 


(>^fehriicial. 20QQ) 


Daffy CHSPO) 


Oown 




Wnl 


(B^etaL.200t) 


Wingfiilfnotum 


Up 


Iitaciivate 


RSPG7 


(Oinldcz ct fli. 2002) 




VP 


loajctivatB 


D«li 


<Rou&set ti B1.2D01) 


Ajan7 


Up 


Iiuctivuxis 


fi-CBitma 


(nio et Al. 2002} 




Up 


InadJvoie 


/l-catcntn 




TCI' I m 


VP 


Inactivate 


TCF 


(Roooueial. 1999) 




Dawi> 


Acrlvftte 


fi-caSarm 


(Hovanu ci ol. 2001) 


Ncmt> 


Up 


Iruudvaie (Dnxopkila) 




(Zmi$ & Vcrhcycn 2004, 










Thorpe & Moon 2004) 



(Bocg ct al. 2001 , Wehrli ct al. 2000). Two gytoplwraic negative regulators arc also 
iiwluccd by Wnt sigr^als. The nakad cuikh {nakedj gene is an EF-hand-containing 
protein thai can bind directly to Dsh and inhibit Wnl signaling in both Dwsophila 
(Roussct ct al. 2001) and vertebrates (Whonon et al. M)Ot ). The A)fJtt2Lgcnc is al«rt 
a direct Wnt UitKel ll^at iS expressed in many sites whert^ Wnt signaling is known 
to occur (Aulchla ct al. 2003, Jho ct al. 2002). TCF and LEF arc transcriptionally 
responsive to Wni «ign»ling. In coloiecial cancer cclla, lOM of APC up-rcgulatetf 
LEFl, which may promote incrfiased mis*rcgulation of Wnt target gcnc;8 (Hov- 
ancs el al. 2001). APC muiaiiona also up-pee"^^^^ a spiice-variani of TCFl that 
locks an N-terminal /S-catenm-binding site (Roose et Eil. 19^). This dominant- 
negative TCFI \& thought to d&mpeit Wm fiignaling and rcduu; tlie severity of 
perturbations that result from loss of /S-carcnin or APC. Therefoic, <t]diough ATC 
mutations ultimately induc« cancercms lesions in the colon, the induction of both 
TCFI and LCFL expression reveals an exquisite ability of colon cells to modulate 
Wm signaling leveh through feed-back regulation. 

Cell pfolifcracion is commanly regulated by Wnl signaling, and Wnl knockout 
plicnotypcs can often be explained by a low of ceil proliferation. For example. Iirab 
outgrowth faUs in limb buds lacking WntSA (Yamaguchi ctal. 1999)» and expan- 
sion of the CNS fails inWml mutants (McgMonA Mclyiahon2002). Amiiogcnio 
elTcct of wingUss has also been reported for the DrusophUa wing imaginal disc 
(GiraldeJ', & Cohen 2003). The lOHS of part iuular cells or tissues in Wm muiants has 
often been interpreted as stemming from perturbation s in cell fate specification. 
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bui an aJtcmulivc interpretation may be ihai in swmc cases» progenitor ctlls fail to 
expand. A gcncrat function of Wnt signaling during development may thcTeforu 
be to TeguUie the celi prolifcnition by direct induciion of cell cycle refiulatofs. 
Consistent with this, myc and cycllnDl are direct Wnt signAling taints in colon 
cancer cdis (He et al. 1998. Shtulman ct al. 1999, Tblsu &. McCormick 1999). 

A recent study in ihc ttktn (Jannirii cr al. has raised the intriguing possl* 
tnlity that Wnt signaling might also generally rcgulmc cell Ddhesion^ although thiv 
must be tested further. Fonnation of an epithelial bud during hair follicle develop- 
ment requires the repression of E-cadhcrin transcription. Inputs from both Wnt, 
whidi stabilizes ^-catenin, und from the BMP inhibitor Noggin, which iniiuces 
lyCf 1 expression* dixectly repiesa theE-cndhcrin promoter. If the Wnts can rcgylalc 
ccJi-cell adhesion tnolccules at a transcriptional level, then Wnt signaling may in- 
tegrate cell Tate speciftcation and differentiation with cell behavior changes. It will 
be interesting to determine whether Wnii) rcgultUc codJicrin transcription in places 
such i\i the teeth and mammary gland where morphogcnctic movements similar 
to those accompanying epillicUal bud formation occur (van Gendercn ct al. 19 W). 
Several components of the Wnt pathway such as ^-catcnin and APC are also mul- 
tifunctional > participating in cell-cell adhctiion and cytoskclctal rcaTrargements 
(reviewed in BLcnz 2002, Gumbiner 2000). Therefore* the poiwibility that Wnt 
signaliiig. through changefl in p-c^smn levels, directly impinges on cell adhesion 
or cell behavior is tantalizing, and provides exciting avenues for further research. 
Pot a discussion of curtent data tfiat examines conftections between oell adhesion 
and Wnt signaling, we ^\rxi the Tcadcr to Nelson & Nusse (2004). 



WNT PIIENOTYPESi REDUNDANCY AND SFHaFICITY 

A cofmnon approach to understanding the function of a particular gcfv: in a tissue 
or developmental process is to examine its knockout phenotype. hi some cases, the 
expression patterns and mutant phcnotypes correlate closely and clearly demon* 
Etrate the requirement for that particular Wnt in a spectitc developmental event. 
Wni3, for example* is expressed in the primitive streak in the early mouAe em- 
bryo, and Wni3 mutants display gastrulatlon dciects (P. Uiu ct ai. 1999). There 
are several cases, however, where mutant phenotypes wcie not fully revealed until 
multiple Wnts were fcmoved. One classic example is the Wntl/Wnt3a doublc- 
knoekout, which demonstrates a requirement for Wnt signaling in a wider region 
of the CNS than when i>nly the Wntl or WntSagcnc is eliminated nXble I) (Ikcya 
et al. 1997). This is also observed with downstream Wnt pathway components; 
mutant^tofLcfl andTCFl cxhibitdefectssimilar to Wnl3a mutants buionly when 
both Len flJid TCFl are missing (Tabic 3). 'JTrese examples iliustrate that genetic 
redundancy between Wnt signaling components is likely to greatly influence our 
Bbiilty to discern and mterprct Wnt mutant phcnotypes. 

The analysis of Ft: mutants has largely failed to reveal specific Wni/Fz pairs 
that interact during development. An exception is Frizzled 4, which affects axonal 
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TABLE 3 TCP muinni phcnotypcs in veriebntcs 



Gene 



Knockout (KQ) phenotypcs 
or other functions 



References 



Tc/V (omciiil name Tqf7) 



Tcfi (ofnciftl name T<;f^i/ ) 
Tr/V (ofRcla) name T(fFij2} 



Th^ocyie dirierentistjon dcfecu 
Defects in limb bud deyelopmept 
(with Lcf I KO) 

Mamm^ aild gdl tumors, «GQetenued 

by loss of Min/APC 
Expanded axml mesoderm in miC9. 

anterior defects in VCcbrafish 

Absence of epithctiai Klcm vOll9 

ill small Inicstino 
Dcfceis in limb bud develops mi 

(v^ilhTcfl KO) 

Dcfctts in pra-B cell prolifcratian 
and KuiviVAl 



(Cjalceran ct «1. 1999. 
Roo^c ot bJ. 1999, 
\fcrticekct?U. 1995) 



(Kim ctal.2000, 

McrriU et al. 2004) 
<KariJKicctaJ. I998> 

(Gslceran ct ol. 1999, 
Rcyfl er al. 2000) 



TABLE 4 Frizzled phcnotypcfi in rtVimittfllS 



Gene 



KnoiikuuL (KO) pItcnoCypes 
ur other runetloiu 



References 



PzJ (M^) Defect lA Gbtf tiftCM In lh« UMirAl CNS 
Pcrtuiiiod anterior-posterior guidance 
of commiaaural axons 

Fi4 iMfi^ CeiebclUr, auditory, and esuplt^cal def^ts 
In humans, relinaJ ongiofcnBdifi in ranulial 
eatudadve viireoKtlnopadty (FEVR) 

Fz5 {MftS) b5»cnlia] for yolk soc aiid 

placental angiogcncsis 
Pui {Mjit) Hftir paueming defects 



(LyukByatDv& et ol. 2(X)3, 
Waiift«tiU.^UU2> 

(Wiingetid*2QQl. 
Robilailieei 81.2002. 
Xuct al. 2004. 
TooineACtstl.2004) 

OiAikawa ei d1. aOOl) 
(Guodal. 2004) 



guidance in the neural tube by a process thai may involve Wnl4 (Ly uksyutovact al. 
2003) (Table 4). The lack of a one-to-one coircspondencc between individual Wnl 
and Fz mui»ni phcnotypts suggest that a single Frizzled tni^t be Activated by 
multiple Wnts or thai a given Wot might bind multiple Frizzlcdfl. In Drosophth. 
Wg binds to both Fh and Drzi2 and a cuticle patterning defect ii5 observed only when 
both receptors are mutant (Bhanot et al. 1999, Chen & Struhl 1999» Kennerdcll 
& Carthcw 1998. RuUfson «t al. 2000). This is a relatively simple example where 
signaling is itiodjated primarily by one Wnt and there is genetic redundancy be- 
tween only two Fza. In veTtehraies, where Wm and Fz expression patterns may be 
more elaborate, and when: JPrizzlcd may even interact with otfier li^^ds such » 
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Npnrin (Guo ct al. 2004), ihc overlapping intcructmns nnd rclalLonships bciwccn 
Writs, Other Frizzled binding panncrs, and Pzs arc likely to be fef more complex. 

In a given cc« ctr [issue, only a subset of Wnts can siimulatc ihc canonical 
siHrmling pathway (forcx5implcs,s<ieKi8pcrtctaL l998.Shiniixu etal. 1997,Tcn'rcs 
et al. 1996). Tliese dau likely reflect the ability of different Wnts to bind to Ihe 
particular receptors ihai exiai on ihc surfaces of the responding cells. Studies that 
mcJKUirc Wnt-Fz binding affinities ans only just beginning (Hsich et al- 1999b, Wu 
& NusBC 2002). Noi much is known about specificity between 1 iganda nnd receptors 
in vertebrates, but in Drosophila, the affiniiy between Wingless and its rcccptdrs* 
Pz and DfzS, is high (Wu & 2002). As more binding studies are pcrfonncd, 
they will provide valuable tools for elucidating phyjsiological inici^actions between 
Wnts Fzs. 



WNT SIGN AUNC IN CANCER AND HUMAN DISEASE 

Given the diverse phcnotypcs produced by W»il knockouw in mice il is not sur- 
prising that Ios« c.>F Wnks in huinanj; has dire ccnscqvenccs aS welK l^cmly, 
Tctra-flinelia, a rare human genetic disorder characterized by absence of limbSi 
hai; been proposed to i^ult from WNT3 loss-of- function mutations (Niemann 
ciBl, 2004), 

In adults, mis-regulation or Ihe Wni pathway abo kads to a variety of abnor- 
malities »nd degenerative diseases Ct^blc 5). An LRP nmtaiion lio^ been identified 
ih;it causes increased bone density »v defined locations such as the jaw and palate 
(Boydpn et al. 2002, Little ct al. 2002X The mutation is a single amino-scid flub- 
stltution diat makes LRP5 insensitive lo Dkk-mcdiatcd Wnt paihvwy inhibilion, 
indicating llwt the phenotypc results from overactive Wnt signaling in the bone 
(Boydcn ct al. 2002). In a difTcrcnl study, mutations in LRP5 were correlated with 



TADLE 5 Human geiieilc diseases and Wm signaling components 



f»en« 


Dlstiutt 


References 


Wf/TJ 


Teufi-anieriii 


(Niemann el al. 2004) 


LRP5 


Bone density defects 


(Boydcn ct id. 2O02, 




Vascular defects in the eye (ostcopenMis* 


GoiiS el ol. 20UL 




pseudoglioma jyiiclrome; OPPO), familial 


Utile ctDl.20(^. 




exudative vitneoretiflopothy; FEVR) 


Tbomcs ci aI. 2004) 




Kctinal angtogcncsis defects (familial 


(RobiUineetai. 2002 




exudative witrcorctinopathy; FEVR) 


etal. 2004. 






ThomcB c! 111. 2004) 


Axiff2 


Tboth agenesis 


<l«orami ct al. 200<1) 




Predlsposiiion co coleieeiai esoicer 




A/'C 


Polyposis coli, colon cancer 


(Kinzlcrcl al. 1991, 




Ni&iii^hoei oL 1991) 
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decreased borw iimbS (Confi 2001). Li this case, frame shift and miw&iise 
mutations were thought to create loss-of-funcUo» LRF5 mutaciontt. Tlwse data in- 
dic»i«; ihfti Wnc sLgituluig incdiaLtd by LRPS is required for inaliuenancc of normal 
bone density. 

LRP5 muiatioiu (Gong et ftl. 2001) can also be accompanied by vasculatupe 
defects in the eye (ostcopcitwis-pscudoglioma syndrome or OPPG). In addition, 
a liereditory disorder, called familial exudative vitrcopRlliy (FEVR), is caustcd by 
mutations in both LRPS and the Fz4 receptor, which resuha in dcfcaive vascuiogc- 
nenijt in the peri|>hcral retina (Toomes el al. 2004, Rohitaille ct al. 2002). The Fz4 
mutation Is located in the seventh rransmcmbrane domain, and tht mutations 
aJI citate piiematureiy lermiriaied proteins, suggesting that FEVR resuhs from Um 
of F?/LRP signaling. More rocemty, Nonin, a prtitein that bears no ressemblance 
[0 Wms. has been tdeniil^ed as the Ligand for the VzAfiJtP receptor complex (Xu 
et ai. 2004). Sigiwling by functional NtTnin/F^/l-RPooinplcxca is therefore crueial 
for proper vasculogcncsis and its maintenance in at least some parts of the body. 

Mutations in intracelluUir Wnt pathway components also produce dramatic 
defects. A nonsense mutation in Axm2 hM been shown 10 produce severe tooth 
agenesis* or oligodontia, a condition in which multiple permanent tceih ore missing 
(l^mmi et al. 2004). 

Mutation* that promote constitutive activation of the Wnt signaling pathway 
leud to cancer. In qddidon to u>u<h dcfeci$, individuals with AKin2 mutations dis- 
play apredipositton tocolon cancer (Lammi ct al. 2004). Moreover, the best-known 
example of 0 disease involving a Wnt pHlhway mutation that produce.<i tumors is 
familial adenomatous polyposis (PAP), an autosomal, dominantly inhcriii:d dis- 
ease in which paticnb displtty hundreds or thousands of polyps in the colon and 
rectum. This disease is caused most frequently by truncations in APC (KinzJer et al. 
1 991 , Nishisho ei al. 1 99 1 >. which promote aberrant acti vadon of the Wnt pathway 
leading to adenomatous lesions owing to increased cell proUferadun. Mutations 
in ^-caicnin and APC have also been found in sporadic colon cancers and a large 
variety of other tumor types (reviewed in Giles et al. 2003), Loss-of-funojon mu- 
tacions in Axin have been found in hepatocellular carcinomas (Satoh et al. 2000). 
These examples demonstrate that the uncoupling of normal /S-catenin icgulatiort 
from Wnt signaling control is an important event in the genesis of many cancers. 

It has become increasingly common to view cancer as a .stem cell disease (fiee 
•ftlpaic & Bcachy 2001). In die colon, loss of TCR or Dkk oveicxprwBion prc>- 
moles loss of stem ceils in the colon ciypt, indicating that Wm signaling is required 
for maintenance of the stem cell companincnt (Korinelc et al. 1998» Kuhncn et al. 
2004. Pinto et al. 2003). A more extensive discussion of Wnl signaling and colon 
stem cell contra I is piescntcd elsewhere in this volume (see Saneho ct aL 2004. 
Wnt signaling may therefore be a fundamental regulator of stem cell choices to 
proliferate or sclf-rcTWw, Consistent with this i^lca, Wnt3a promotes !>df-n:newal 
uf hematopoietic stem cells in vitro (Willert et ai. 2003). The use of soluble Wnw 
to control the proliferation andA}r maintenance of «iem cells may offer powerful 
ihcjHpcutic reagents for the In vitro manipulation of steiti cells and their reintro- 
duciion Inlo diseased tissues. 
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EVOLUTIONARY ORIGIN WNT SIGNALING 

la it possible to trace the evolutiunary origins of Wm $isiialing7 With the comple- 
tion Of several anlnial genomes and partial sequence informftlion an other organ- 
isms, th&Ke qucj^iions cun now be addressed in 9 $y$letnatic manner. The finished 
genomes of some mammals nnd invcrtcbraic organism* has led to catalogues of 
19 Wnl eeiie$ ici the human and the mouse, 7 in Drosophila, And 5 in C. elegons. 
Between Drosophila and invinuials, Ihere is fairly extensive oonscrvetton of Wni 
gertes, so that orthologs can readily be recognized, These orthologous rclatioo^ 
shjps suggest similar biological or biochemical aaivitiefi, dte orthologs Wntl and 
wingless* for example, both regulate die expression of thch-iurgct gene, en^rcdlttd 
(Daniolian & McMahcm 1996). Between Prosophifa and vertebrates, there is also 
con&crvarion of cl miters of genes. This indicates that there was a common aiicescrnJ 
cluscer of Wnt ficncs containing Wl/Tl . WNT6. and WtTTJO Uial predated the last 
common dncesmr of arlhr^ipods and deuterostomes (Nussc 2001, Prud'hommc 
ei al. 2<)02). 

Members of the Cnidaria, which arc pnmitivc diploblasts, contain a bona fide 
Wnt aud a complete set of Wnt padiway genes (Hobmaycr ei al. 2000). In another 
member of the Cc^idaria family, the Anemone NemntosleUa, a ^^cfttenin homolog 
has been shown to be im^lved in Axis speciflcatlon and the formation of cndoderm 
(Wi kramanayake et aL 2003). Sponges have a Fz gene (Adci I ct al. 2003). providing 
another striking example of the conservation of Wnt signaling pathway components 
throughout evolution. 

In yet otlier primitive organisms, conyxincnls of the path^^y are present, but 
not necessarily r^ulated by a Wnt signaJ. DUtyostefium hps a vestige of a Wnl 
pailjwfly, as a ^^nt called aardrurk is not only a /J-caienln homolog (Crimson 
ct al. 2000) but is also regulated by GSK-3 phosphorylation (Crimson ct al. 2000). 
However, there is no evidence for Wnt-iike genes in this organism, and uldtough 
sevci"al seven transmembrane molecules act as receptors for cyclic AMP and rtg- 
ulaw C3SK activity (Plyte et al. 19W). there is no significam homology between 
those receptors and the FriTyleds- There we clearly recognizable homologs of 
eaienin in plants (Amador et al. 2001). It is possible, therefore, that an anqiem 
^-catcnin-bascd mechanism existed prior to the evolution Of animals. By adding 
Wnc hfi& FrkLzlcds^ /3-eatenio activity became subjea to oonorol Irom other cells* 
a quintessential aspect of organized multicellular life. 

CONCLUDING REMARKS 

The past few years have been accompanied by an explosion of datothat implicates 
Wnt dignaling in development and in adult tissue maintenance. Given tfie number 
of Wnt genes and their widely ranging functions, a large fraction of dcvelopmcmal 
deci.«;ions during the lifetime of an animal may be influenced by a Wnt signal. It is 
not sutprising ihacmis-tegula(ion of such on important pathway leads to discwsc. 
and the role of Wm signaling in cancer is now well established. Whcteas wc have 
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an mcrcasingly dccaUcd pidiw of Wnt signaling as a coini>l«x, tightly ntgulated 
pathway with many f unctions^ the racclianisms of several outstanding events during 
WnuigntU transduction stiH need to be resolved. These include undersiandinghow 
Wnts are secreted and presented to cells, how Wnt binding to the 5i/LRP complex 
transduces o signal to Dsh, how proteins wuhin the iJ<at3enin dcgra^i^on complex 
arc regulated, and how \n^u\s from positive and negative regulators arc integrated 
within the nucleus to efifcci iranscripiion. In addition, nranslatin^ our knowledge of 
Wnt signaling into some fOTm of intervention for disease ia tt formidable birt im- 
portant ciniilenge. Fortunately, powerful new experimental methods and reagents 
for the study of Wnt aignaling have recently bccoii>e available. These include puri- 
flcd Wni ligands (Willcrt ct al. 2003). »mall molecuJes that cilher activate (Mcijer 
et al. 2003) fjr inhibit Wnt signaling (Lepourcelet et al. 2004)» and RNAi screens 
for cotnponcnts of the Wnt signaling pathway (Boutros et al. 2004, Lum et al. 
2003). The quest for additionaJ tools to manipulate this pathway, to a lai:ge extent 
drive*! by the potential use of these reagents in mwiaging disease, will Icwl to 
further insights into the complexity and intricocy of the Wnt signal tRul«duclion 
cascade* 
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